Introduction
The development of micro total analysis systems that include a microchip or microfluidic device technology is an interesting aspect of analytical science. 1, 2 Microfluidics exhibit various types of fluidic mixing process of solvents in a microchannel. Solvent mixing has been examined by varying the channel configuration and flow rate of the solvents, by using aqueousorganic solvent mixtures, and by introducing specific obstacles into the microchannel. [3] [4] [5] Fluidic mixture of the solvents in the microchannel is related to the separation, diffusion, and reaction of the solutes. Information regarding the mixing process of the solvents is important and useful to design microreactors or micro total analysis systems. 6, 7 Various types of aqueous-organic solvent mixture solutions are used in dissolution, 8, 9 cleaning, 10 preservation, 11 and as reaction solvents. 12, 13 Such mixtures are also useful in separation science. [14] [15] [16] However, to our knowledge, the use of ternary mixed solvents of water-hydrophilic/hydrophobic organic solvent mixture solutions has not been examined in detail. When ternary mixed solvents of water-hydrophilic/hydrophobic organic solvents were fed into a microspace, such as microchannels in a microchip or capillary tubes, under laminar flow conditions, the solvent molecules were radially distributed in a microspace regardless of the section shape and the inner wall material; we call it the "tube radial distribution phenomenon" (TRDP). [17] [18] [19] To be concrete, with an organic solvent-rich solution, the organic solvent-rich major phase was generated around the center of the microspace as an inner phase, while the water-rich minor phase was formed near the inner wall as an outer phase. On the other hand, with a water-rich solution, water-rich major inner and organic solvent-rich minor outer phases were formed, respectively.
In this study, fluidic mixing of the ternary solvents (wateracetonitrile-ethyl acetate mixture) was examined through fluorescence observation of the dyes in a microchannel. A microchip was designed with three narrow channels that combine to form one wide channel. The water-acetonitrile mixture and acetonitrile-ethyl acetate mixture solutions were fed into the narrow channels to prepare the ternary solvent solution of the water-acetonitrile-ethyl acetate mixture in the wide channel. The ternary solvent solutions caused specific fluidic mixing process of the solvents in the wide channel, based on the tube radial distribution of the ternary solvents, i.e., the TRDP.
Experimental
Water was purified with an Elix 3 UV system (Millipore Co., Billerica, MA). All reagents used were obtained commercially and were of analytical grade. Perylene, Eosin Y, acetonitrile, and ethyl acetate were purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan). A microchip made of quartz and incorporating microchannel lines was manufactured by Microchemical Technology (Kanagawa, Japan). Figure 1 illustrates the design and setup of the microchip in the microchip holder used in this study. The three narrow channels (each 100 μm wide × 40 μm deep) denoted as channels N1 -N3 combine to form one wide channel (300 μm wide × 40 μm
The mixing process of ternary solvents (water-hydrophilic/hydrophobic organic mixture) prepared in microchannels in a microchip was examined by fluorescence observation of the dyes dissolved in the solvents under laminar flow conditions. A microchip incorporating microchannels was used. In it, three narrow channels were combined to form one wide channel. Water-acetonitrile (hydrophilic) mixture containing relatively hydrophilic Eosin Y (green) was fed into the narrow center channel and an acetonitrile-ethyl acetate (hydrophobic) mixture containing hydrophobic perylene (blue) was fed into the two narrow side channels in the microchip. The mixtures in the narrow channels combined in the wide channel to prepare the ternary solvents of water-acetonitrile-ethyl acetate, causing the tube radial distribution of the solvents. We observed the mixing process of the ternary solvents in the wide channel through fluorescence of the green and blue dyes, including an aqueous-organic interface. For example, the green dye that was fed into the center channel was distributed near the inner side walls and the blue dye that was fed into the two side channels was distributed around the center area in the wide channel. Such specific mixing behavior was not observed for two-component solvents in the wide channel, such as water-acetonitrile mixture and water-ethyl acetate mixture. The microchip incorporating the microchannels was set up for the fluorescence microscope-CCD camera system. The water-acetonitrile mixture (3:2 volume ratio) containing 3.0 mM Eosin Y and acetonitrile-ethyl acetate mixture (3:2 volume ratio) containing 0.15 mM perylene were fed into channel N2 and channels N1 and N3, respectively, using microsyringe pumps. The fluorescence in the microchannel was monitored around the combining point and 3 cm from the combining point in channel W using a fluorescence microscope (BX51; Olympus, Tokyo, Japan) equipped with a Hg lamp, a filter (U-MWU2, ex 330 -385 nm, em > 420 nm), and a CCD camera (JK-TU53H). Fluorescence photographs, which mainly consisted of blue and green because perylene and Eosin Y emit light at 470 and 550 nm, respectively, were transformed into line drawings to assess the color (red, green, and blue (RGB)) depth. This was expressed as digital data on a computer, and the numbers were standardized to the line drawing data to give the fluorescence profiles (black and white lines are Eosin Y and perylene profiles, respectively).
Results and Discussion

Mixing process of ternary solvents prepared in microchannels
The water-acetonitrile mixture (3:2 volume ratio) containing 3.0 mM Eosin Y and the acetonitrile-ethyl acetate mixture (3:2 volume ratio) containing 0.15 mM perylene were fed into channel N2 and channels N1 and N3, respectively, to prepare the ternary solvents of water-acetonitrile-ethyl acetate in channel W. The mixture solutions were fed into channels N1 -N3 at a flow rate of 2.0 μL min -1 . The volume ratio of the wateracetonitrile-ethyl acetate mixed solution in channel W was 3:8:4 (the organic solvent-rich solution). Figure 2 shows the fluorescence photographs of the solvents at the combining point and 3 cm from the combining point in channel W. The specific mixing process was clearly observed in the microchannel in Fig. 2 , based on the TRDP with the organic solvent-rich solution. That is, the photographs indicate that the hydrophobic perylene (blue) fed from the side channels N1 and N3 was distributed around the center of channel W away from the side inner walls of the channel. On the other hand, hydrophilic Eosin Y (green) fed from the center channel N2 was distributed near the side inner walls. The TRDP of the water-acetonitrileethyl acetate mixture solution (the organic solvent-rich solution) occurred in the wide channel W by feeding the water-acetonitrile mixture and acetonitrile-ethyl acetate mixture solutions from the narrow channels.
Mixing process of ternary solvents prepared in microchannels through various mixing procedures
The fluorescence photographs and profiles of the solvents were examined at a distance of 3 cm from the combining point in channel W through various mixing procedures (Fig. 3) . The water-acetonitrile mixture (3:2 volume ratio) containing 3.0 mM Eosin Y and the acetonitrile-ethyl acetate mixture (3:2 volume ratio) containing 0.15 mM perylene were fed into channel N2 and channels N1 and N3, respectively. The mixture solutions were fed into channels N1 -N3 by varying mixing flow rates ranging from 2.0 to 50 μL min -1 . The details of the combined Fig. 1 Schematic representations of the setup of the microchip in the microchip holder and the enlarged view of the microchip incorporating the three narrow channels combined to form one wide channel. ), and rows 1 -6 indicate flow rates of channels N1 and N3 (ranging from 2.0 to 50 μL min -1 ). All of the fluorescence photographs in Fig. 3 were named using line letters and row numbers. For example, the fluorescence photograph positioned at Line a and Row 2, which was denoted "photograph a-2," was obtained from water-acetonitrile mixture containing Eosin Y delivered in channel N2 at 2.0 μL min -1 and acetonitrile-ethyl acetate mixture containing perylene delivered in channels N1 and N3 at 5.0 μL min -1 . It was confirmed that the fluorescence photographs in Fig. 3 did not change for at least 20 min.
Specific microfluidic mixing process of the solvents was performed based on the TRDP in the microchannels. For example, photographs a-1, b-1, c-1, d-1, e-1, and f-1 show photographs of the mixture solutions fed into channels N1 and N3 at a flow rate of 2.0 μL min -1 and in channel N2 at flow rates ranging from 2.0 to 50 μL min -1 . The volume ratios of the water-acetonitrile-ethyl acetate mixed solution in channel W were changed from 3:8:4 (the organic solvent-rich solution) to 56:41:3 (the water-rich solution). With the TRDP, the mixing process of the solvents changed from the patterns of the organic solvent-rich major inner phase (blue) and the water-rich minor outer phase (green) to the patterns of the water-rich major inner phase (green) and the organic solvent-rich minor outer phase (blue) via the transition mixing processes. However, from the phase diagram mentioned below, photographs f-1 could not show the TRDP.
As shown in photographs d-1, d-2, d-3, d-4, d-5, and d-6, the mixture solutions were fed into channels N2 at a flow rate of 10 μL min -1 and in channels N1 and N3 at flow rates ranging from 2.0 to 50 μL min -1 . The volume ratios of the wateracetonitrile-ethyl acetate mixed solution in channel W were changed from 43:46:11 to 6.0:58:36 (the organic solvent-rich solution). With the TRDP, the mixing process changed from the transition mixing patterns to the patterns of the organic solvent-rich major inner phase (blue) and the water-rich minor outer phase (green).
Various fluidic mixing processes of the solvents or fluorescent dyes were observed by varying flow rates and mixing ratios of the water-acetonitrile and the acetonitrile-ethyl acetate mixture solutions, based on the TRDP of the water-acetonitrile-ethyl acetate mixture in channel W. However, the ternary solvents in channel W did not always created the specific mixing process as described in the last section. The microfluidic mixing process of the solvents based on the TRDP is called "tube radial distribution mixing" (TRDM), for convenience.
The fluorescence photographs and profiles that had the same component ratios of the solvents (water-acetonitrile-ethyl acetate volume ratio are 10:57:33, 3:8:4, and 33:49:18) in Fig. 3 are rearranged with the residence times in channel W from the combining point (Fig. S1, Supporting Information) . The TRDM observed on the fluorescence photographs proceeded with increasing residence times or mixing times from the combining point.
Mixing process of two-component solvents in the microchannels
The fluorescence photographs of the solvents that dissolved the dyes, hydrophobic perylene (blue) and relatively hydrophilic Eosin Y (green), were examined at a distance of 3 cm from the combining point in channel W by feeding the two-component solvents, such as water-acetonitrile and water-ethyl acetate mixtures.
The fluorescence photographs of the water-acetonitrile mixture in channel W were examined. Water containing 3.0 mM Eosin Y in channel N2 and acetonitrile containing 0.15 mM perylene in channels N1 and N3 were delivered at flow rates of 2.0 -50 μL min -1 , similar to those shown in Fig. 3 . Eosin Y (green) flowed around the center of the channels and perylene (blue) flowed near both the side inner walls of the channels, according to the volume ratios of water and acetonitrile (Fig. S2 , Supporting Information). When hydrophobic perylene was deposited in channel W, i.e., in relatively water-rich solution, the deposition disturbed a microfluidic flow in the channel. In these cases, fluorescence photographs are not presented in Fig. S2 .
The fluorescence photographs of the water-ethyl acetate mixture in channel W was also examined. Water containing 1.0 mM Eosin Y in channel N2 and ethyl acetate containing 0.1 mM perylene in channels N1 and N3 were delivered at flow rates ranging from 2.0 to 50 μL min -1 , similar to those shown in Fig. 3 . At relatively low flow rates, Eosin Y in water and perylene in ethyl acetate separated with vertical interfaces in channel W, while at high flow rates they separated with a horizontal interface (Fig. S3, Supporting Information) . No specific mixing process as observed with the ternary solvents solution in Figs. 2 and 3 were created using the two-component solvents, such as water-acetonitrile mixture or water-ethyl acetate mixture. The fluorescence photographs using the two-component solvents were normal because of the nature of the solvents and dyes used: i.e., acetonitrile, hydrophilic; ethyl acetate, hydrophobic; Eosin Y, relatively hydrophilic; and perylene, hydrophobic.
Phase diagram for water-acetonitrile-ethyl acetate mixture solution and the component ratios required for TRDM caused by TRDP
A phase diagram for the ternary mixture solvents of wateracetonitrile-ethyl acetate had been examined in a vessel at a temperature of 22 C. 17, 19 The phase diagram is shown in Fig. 4 . The dotted curve in the diagram indicates the boundary between the homogeneous and heterogeneous phases. The phase diagram showed that each component ratio of the solvents made either a homogeneous (one homogeneous phase) or a heterogeneous (two homogeneous phases) solution. As indicated in our previous paper, 18 the TRDP was performed with the specific homogeneous carrier solutions having the component ratios of the solvents positioned around the homogeneous-heterogeneous solution boundary curve in the phase diagram. Such carrier solutions caused the TRDP of the ternary solvents in a microflow through phase transformation from homogeneous to heterogeneous under pressure. 18, 19 The fluorescence photographs shown in Fig. 3 can be roughly classified into several typical mixing processes: three typical TRDM caused by the TRDP and two typical mixing patterns not based on the TRDP (Fig. S4, Supporting Information) . All the component ratios of the solvents in channel W in Fig. 3 are plotted in the phase diagram of Fig. 4 , where open circles ( ) and closed circles ( ) indicate the TRDM image and non-TRDM (or the doubtful case) image, respectively. The closed circle signals were far away from the dotted line of the homogeneous-heterogeneous solution boundary curve. The solutions of the component ratios of the solvents that were indicated with the closed circles did not show the TRDM at low flow rates of 0.1 -1.0 μL min -1 for channels N1 -N3, which provided long residence times or mixing times in channel W from the combining point. The plotted data in Fig. 4 were close to the previous data, 18, 19 where the specific homogeneous carrier solutions having the component ratios of the solvents around the boundary in the phase diagram led to the TRDP.
Conclusions
The ternary solvents of water-acetonitrile-ethyl acetate mixture in the wide channel were prepared by combining the wateracetonitrile mixture and acetonitrile-ethyl acetate mixture through the narrow channels in the microchip. Some specific and interesting mixing processes of the solvents with the dissolved fluorescent dyes could be observed in the wide channel based on the TRDP of ternary solvents. This unique mixing process was denoted as "tube radial distribution mixing" (TRDM), for convenience. The mixing process based on the TRDP was not observed using the two-component solvents, i.e., the water-acetonitrile mixture or the water-ethyl acetate mixture. The TRDM data visualized with the dyes are expected to be useful for developing a mixing technique to create a phase interface and a chemical reaction space in a microspace.
